Metalloproteases are a large, diverse class of enzymes involved in many physiological and disease processes. Metalloproteases are regulated by post-translational mechanisms that diminish the effectiveness of conventional genomic and proteomic methods for their functional characterization. Chemical probes directed at active sites offer a potential way to measure metalloprotease activities in biological systems; however, large variations in structure limit the scope of any single small-molecule probe aimed at profiling this enzyme class. Here, we address this problem by creating a library of metalloprotease-directed probes that show complementary target selectivity. These probes were applied as a 'cocktail' to proteomes and their labeling profiles were analyzed collectively using an advanced liquid chromatography-mass spectrometry platform. More than 20 metalloproteases were identified, including members from nearly all of the major branches of this enzyme class. These findings suggest that chemical proteomic methods can serve as a universal strategy to profile the activity of the metalloprotease superfamily in complex biological systems.
Enzyme superfamilies present several challenges for post-genomic researchers interested in the assignment of protein function 1, 2 . First, enzyme superfamilies possess many members that, despite sharing a common catalytic mechanism, have widely varied biochemical, cellular and physiological activities. In addition, a large fraction of these enzymes currently fall into the category of uncharacterized proteins, meaning that they are defined solely as predicted protein products based on genome sequence analysis. Finally, most enzyme classes are regulated by post-translational mechanisms 3 that hinder their functional characterization using conventional 'expression-based' genomic and proteomic methods.
Activity-based protein profiling (ABPP) is a chemical proteomic method that uses active site-directed probes to report on the functional state of enzymes in complex biological systems [4] [5] [6] . ABPP probes have been shown to selectively label active enzymes but not their inactive precursor 7, 8 or inhibitor-bound [8] [9] [10] forms, and thus they offer a powerful means to measure dynamics in the activity of enzymes that may occur in the absence of changes in the abundance of their corresponding transcript and/or protein. The biological application of ABPP has led to the discovery of enzyme activities elevated in several disease states, including aggressive cancer cells 9, 11 and tumors 12, 13 , invasive malaria parasites 14 and obese livers 15 .
Certain ABPP probes that exploit conserved mechanistic features to achieve active-site labeling have proven very effective at capturing a large fraction of their target enzyme superfamily in cell and tissue proteomes. Prototype examples of such class-wide ABPP probes include the fluorophosphonates 4, 16 and acyloxymethyl ketones 17 that target serine hydrolases and cysteine proteases, respectively. Both of these enzyme classes use conserved active-site nucleophiles (serine and cysteine, respectively) to form covalent adducts with substrates (acylenzyme intermediates) as part of their catalytic cycle, a mechanism that has cultivated the design of irreversible inhibitors and probes with broad intraclass selectivity and minimal interclass cross-reactivity. However, many enzyme classes do not use a protein-bound nucleophile for catalysis, thus raising an important question: can ABPP probes be systematically developed for enzyme superfamilies that do not engage in covalent catalysis? In general support of this possibility, active site-directed proteomic probes have been generated for a wide range of mechanistically distinct enzymes, including oxidoreductases 18 , glutathione S-transferases 15 , glycosidases 19, 20 , kinases 21 and metalloproteases 8, 22 . However, in each of these cases, only a single or handful of enzymes from each class was targeted in proteomes, leaving uncertain whether ABPP probes can be generated for the global profiling of enzyme superfamilies of varied catalytic mechanism.
Of the numerous enzyme classes for which a universal strategy for ABPP would be desired, the metalloproteases stand out as particularly important for several reasons. First, the metalloprotease superfamily is exceptionally large and diverse, with more than 100 members encoded by the human genome 23 . These enzymes play key roles in many physiological and pathological processes, including tissue remodeling 24 , peptide hormone signaling 25 and cancer 24, 26, 27 . Metalloproteases are also regulated by post-translational mechanisms in vivo 27 , including production as inactive precursor enzymes (zymogens) and inhibition by endogenous binding proteins (TIMPs). Initial efforts have succeeded in generating biotin-and fluorophore-tagged photoreactive hydroxamate (Hx) probes that selectively label active metalloproteases 8, 22 but not their zymogen or TIMP-bound forms 8 . However, these first-generation probes were found to target only a limited number of metalloproteases in proteomes, most likely owing to substantial variations in their affinity for different subgroups of the metalloprotease superfamily. Here, we present a general solution to this problem by creating a library of structurally diverse photoreactive Hx probes that have complementary metalloprotease selectivity profiles. These probes can be administered to cell and tissue proteomes as a cocktail and their labeling profiles analyzed collectively using an advanced liquid chromatography-mass spectrometry (LC-MS) platform for ABPP. Using this approach, we identified more than 20 metalloproteases as targets of the probe library, including members from most of the major subfamilies of this enzyme class (for example, matrix metalloproteases (MMPs), adamalysins (ADAMs), aminopeptidases and AAA proteases). Some of these metalloprotease activities were markedly elevated in invasive tumor cells, suggesting that they may be involved in cancer pathogenesis.
RESULTS

Synthesis of a library of ABPP probes for metalloproteases
Initial efforts to create chemical probes for the proteomic profiling of metalloprotease activities have produced two classes of reagents. The first example of a metalloprotease-directed probe was designed based on Hx inhibitors of MMPs (marimastat and ilomastat): the core structure of these reagents was derivatized with a benzophenone (BP) photo-cross-linker and rhodamine (Rh) reporter group for the covalent labeling and detection of metalloprotease activities, respectively 8 . The resulting HxBP-Rh reagent served as an effective ABPP probe for a select number of metalloproteases. However, metalloproteases have large variations in active-site structure that limit the universal applicability of any single probe directed toward this enzyme class. A second study also described the characterization of photoreactive, reporter-tagged Hx probes, in this case generated in a library format based on a Gly-Gly-X-NHOH peptide scaffold 22 . Although this approach enabled the straightforward synthesis of numerous candidate metalloprotease probes, the core peptide structure of these probes is not well-suited for achieving high-affinity interactions with most metalloproteases. Indeed, several previous studies aimed at designing metalloprotease inhibitors have shown that these enzymes interact much more strongly (by two to three orders of magnitude) with inhibitors bearing a succinyl linkage separating the Hx and R 1 groups as compared to a standard peptide scaffold [28] [29] [30] . To date, the application of peptide Hx probes has mostly been restricted to labeling of metalloproteases in purified form 22 . Finally, both types of first-generation metalloprotease probes incorporated large reporter tags (fluorophores or biotin) directly into their structures, which might be expected to obstruct interactions with certain metalloproteases.
On the way toward the goal of creating a universal strategy for the proteomic profiling of metalloprotease activities, we envisaged the need for several technical advances. First, a diverse library of probes based on an optimal binding scaffold (for example, succinyl Hx) would be required to accommodate the broad range of active-site structures found in the metalloprotease superfamily. Second, these probes should be created in 'tag-free' form such that bulky reporter groups that might otherwise adversely affect probe-metalloprotease interactions are avoided. Finally, an analytical method should be devised to permit the pooled application of multiple metalloprotease probes to individual proteomic samples. We sought to meet the first two objectives by designing and synthesizing three distinct alkynetagged libraries of HxBP probes based on the succinyl Hx scaffold (HxBPyne probes; Fig. 1a ). In each library, a single position was varied with up to ten amino acid side chains, resulting the generation of approximately 20 distinct HxBPyne probes (see Supplementary Fig. 1 online for additional information on the probe library). The alkyne group was incorporated into each probe as a sterically benign substitute for bulky fluorophore or biotin reporter tags. After proteome labeling, this latent affinity handle could then be exploited to append reporter tags to probe-labeled proteins through the click chemistry (CC) reaction 31, 32 .
Proteomic profiling of the HxBPyne probe library
We performed initial screening of the HxBPyne library by gel-based ABPP as follows. Individual probes were added to cell and tissue proteomes and the reactions exposed to UV light for 1 h, treated with an azide-Rh tag under CC conditions 31, 32 and analyzed by onedimensional (1D) SDS-PAGE (Fig. 1b) . Members of the probe library showed highly distinct proteome reactivity profiles ( Supplementary  Fig. 2 online), indicating that the variable R 1 and R 2 groups exerted a strong influence over specific probe-protein interactions. A representative set of probes showing complementary reactivity profiles were compared across a broad concentration range (1-100 nM) to estimate the strength of their interactions with proteins in the proteome (Fig. 2) . These experiments revealed clear differences in the relative probe-selectivity profiles of individual proteins. For example, a 102-kDa protein showed extremely robust labeling with the LysR 2 probe (9), such that no diminution in signal intensity was observed across the entire concentration range (Fig. 2a,b) . Treatment of probelabeled proteomes with an azide-biotin tag under CC conditions, followed by avidin enrichment and LC-MS analysis, identified this protein as the metalloprotease puromycin-sensitive aminopeptidase (PSAP). Recombinant expression of PSAP in COS7 cells confirmed this metalloprotease's preferential reactivity with the LysR 2 probe (Fig. 2c) . Three additional protein targets in the mouse liver proteome, identified as the metalloproteases adipocyte-derived leucine aminopeptidase (ALAP; 105 kDa), dipeptidylpeptidase III (DPPIII, 80 kDa) and leucine aminopeptidase III (LAPIII, 55 kDa), showed preferential labeling with other members of the probe library (PheR 2 (10), LeuR 2 (8) , and PheR 1 (18) probes, respectively) ( Fig. 2a,b) . Finally, a protein target in the cytosolic proteome of the human breast cancer cell line MCF7, identified as the metalloprotease leukotriene A4 hydrolase (LA4H), showed exclusive reactivity with the AspR 1 (16) probe ( Supplementary Fig. 3 online). Concurrently with these proteome screening experiments, we also analyzed the probe library for reactivity against a set of commercially available MMPs. Human MMPs were added to background mouse tissue proteomes and treated with individual members of the HxBPyne library (1 mM). The MMPs generally showed similar probe selectivity profiles, reacting most strongly with the LeuR 2 and PheR 2 probes ( Supplementary Fig. 4 online), which correlated well with predictions of their substrate preferences observed with peptide substrate libraries 33 . Notably, most of the MMPs showed a marked preference for labeling by the HxBPyne probes over their Rh-tagged counterparts, with certain enzymes showing nearly exclusive reactivity with the former probes (Fig. 3a) . The only exceptions were MMP2 and MMP9, which reacted equivalently with HxBPyne and HxBP-Rh probes (data not shown). These results underscore the significant impact (in this case, negative) that reporter tags can exert on probe-protein interactions, a factor that can be circumvented with CCbased methods. All MMP-probe reactions were completely blocked by the inclusion of the MMP inhibitor GM6001 (10 mM), confirming the active-site specificity of these labeling events ( Supplementary Fig. 4 ). Serial dilution of MMPs into a constant background of tissue proteome provided a sensitivity limit for their detection with the LeuR2 probe of 0.25-2.5 mg MMP per mg proteome (0.03-0.25% of total proteome) (Fig. 3b) .
From these initial studies comparing the reactivity profiles of members of the HxBPyne library with both endogenously expressed and recombinant metalloproteases, we identified a subgroup of probes (AspR 1 , AspR 2 (7), LeuR 2 , PheR 2 ) that collectively targeted the vast majority of enzymes labeled by the library as a whole. We next set out to develop a method whereby this 'optimal probe set' could be applied as a cocktail to profile a broad range of metalloprotease activities in individual proteomes with maximal resolution and sensitivity.
A high-resolution platform for profiling metalloprotease activities As exemplified above, 1D gel-based ABPP offers a rapid means to analyze many probe-proteome reactions in parallel. However, owing to inherent resolution and sensitivity limits, 1D gels are not suitable for the comprehensive characterization of probe targets in proteomes. We recently described an advanced gel-free strategy for ABPP that unites this method with the multidimensional protein identification technology (MudPIT 34 ) (Fig. 1b) 13 . This ABPP-MudPIT platform exploits the exceptional resolution and sensitivity of multidimensional LC-MS to enable the simultaneous characterization of numerous probe-labeled enzyme activities in individual proteomic samples. Initial ABPP-MudPIT studies applied single probes to proteomes 13 , but we postulated that the resolving power of this approach should afford probe 'multiplexing' opportunities such that, for example, our optimal set of metalloprotease probes could be applied as a mixture to proteomes and their combined protein labeling profiles acquired as a single integrated dataset. First, however, we sought to evaluate the sensitivity of metalloprotease detection by ABPP-MudPIT. Recombinant MMPs were serially diluted into tissue proteomes over a concentration range of 1,000-10 ng MMP per mg proteome, treated with the LeuR 2 HxBPyne probe (100 nM) under UV exposure, and subjected to ABPP-MudPIT analysis ( Fig. 1b; see Methods for details of procedure). All MMPs could be detected in both the 1,000 and 100 ng MMP per mg proteome reactions (Fig. 4a) . MMP1, but not the other MMPs, could also be detected in the 10 ng MMP per mg proteome reaction. To confirm that the observed signals were due to active-site labeling of MMPs, samples were pretreated with excess of an alkane variant of the LeuR 2 probe (24) (LeuR 2 HxBPane), which was found to block more than 90% of labeling of all MMPs as judged by spectral counting (Fig. 4a) . Thus, ABPP-MudPIT detected MMP activities at levels ranging from 0.001-0.01% of total proteome, which corresponds to an approximately 5-50-fold increase in sensitivity as compared to gel-based methods.
Profiling metalloprotease activities in cancer proteomes
We next investigated whether the optimal HxBPyne probe set, in combination with ABPP-MudPIT, could be used to identify endogenous metalloprotease activities and quantify their relative levels in disease states. For these studies, we compared the metalloprotease activity profiles of human cancer cell lines that differ in key pathogenic traits. Specifically, membrane proteomes from invasive and noninvasive breast carcinoma (MDA-MB-231 and MCF7, respectively) and melanoma (MUM-2B and MUM-2C, respectively) lines 9, 35 were treated with the optimal probe set (100 nM of each HxBPyne probe; 400 nM total probe) and analyzed by ABPP-MudPIT. Active (that is, probe-labeled) metalloproteases were identified as those enzymes that showed significantly higher spectral counts in HxBPyne-treated proteomes than in control proteomes pretreated with 100Â HxBPane competitor probes (P o 0.05). Several endogenous metalloprotease activities were identified as specific targets of the optimal probe set, including adamalysins, aminopeptidases and AAA proteases (Fig. 4b and Table 1 ; also see Supplementary Table 1 online). A comparison of the average spectral counts of metalloprotease activities identified a set of enzymes that differed in invasive and noninvasive cancer lines. For example, the invasive MUM-2B line possessed high levels of two metalloprotease activities, alanyl aminopeptidase (AlaAP) and neprilysin, that were absent in its less aggressive sister line MUM-2C (Fig. 4c) . The selective expression of these metalloproteases in MUM-2B cells was also observed using antibodies in fluorescenceactivated cell sorting and western blotting experiments ( Supplementary Fig. 5 online) , thus confirming the accuracy of ABPPMudPIT measurements. The metalloprotease ADAM10 also had greater activity in MUM-2B cells than in MUM-2C cells, whereas the uncharacterized AAA protease AFG3-like protein 2 showed the converse relative activity profile. The metalloprotease activity profiles of MDA-MB-231 and MCF7 cells were generally similar, with the exception of endothelin-converting enzyme, whose activity was three-fold higher in MDA-MB-231 cells (Supplementary Table 1 ). The identification of two ADAM proteins as specific targets of the optimal probe set was intriguing, as ABPP probes have not yet been described for this important subclass of integral membrane metalloproteases, which, like the MMPs, have critical roles in cell surface signaling events (for example, ectodomain shedding of growth factors) 36, 37 . Examination of the probe reactivity profiles of recombinant ADAM10 and ADAM17 confirmed that they are specific targets of the probe library and revealed that ADAM17 showed strongest labeling with the AspR1 probe (Fig. 5a,b) . This probe selectivity profile contrasted starkly with those shown by MMPs, which had little or no reactivity with the AspR1 probe ( Supplementary Fig. 4 ). The AspR1 probe was also found to be an excellent inhibitor of ADAM17 activity, with an IC 50 value of 133 nM as determined using a fluorescent substrate assay (Fig. 5c ). These data illuminate potential differences in the active-site structure of MMPs and ADAMs that may be instructive for the design not only of probes but also of inhibitors.
DISCUSSION
Metalloproteases have fundamental roles in a wide range of mammalian physiological and pathological processes. Given their myriad cellular functions, it is perhaps not surprising that the catalytic activity of metalloproteases is tightly regulated by post-translational mechanisms in vivo. Active site-directed chemical probes can discriminate functional metalloproteases from their inactive precursor or inhibitorbound forms, thus providing high-content proteomic information that is difficult to obtain by more conventional mRNA or protein expression profiling methods. Still, for chemical proteomics to offer a universal strategy for profiling metalloprotease activities in biological systems, ABPP probes are required that capture a large fraction of this enzyme class. The daunting size and diversity of the metalloprotease superfamily indicates that it might best be tackled through the creation of multiple probes that have complementary target selectivity profiles, along with advanced analytical methods for their consolidated application and characterization.
Here we present general solutions for both of these challenges. Synthesis and proteomic screening of a structurally diverse library of HxBPyne probes enabled the selection of a set of these reagents that showed complementary metalloprotease reactivity profiles. When judging the features of HxBPyne probes that promoted specific interactions with metalloproteases, some general conclusions can be drawn. First, the identity of the R 1 and R 2 groups, as well as the position of the BP cross-linker, are important in determining an individual probe's proteome reactivity profile. The contribution that these groups made to enzyme labeling is perhaps best illustrated by noting that none of the metalloproteases identified in this study showed universal reactivity with the probe library. On the contrary, metalloproteases showed notable differences in their respective probe selectivity profiles, with examples of enzymes preferring hydrophobic (for example, MMPs), positively charged (for example, PSAP) and negatively charged (for example, L4AH, ADAM17) probes all being observed. These results emphasize that, even though the Hx group, by coordinating the active-site zinc in a bidentate manner 38 , most likely has the potential to target most if not all metalloproteases, the strength of these interactions is strongly influenced by additional elements in the probe structure. We also note that the introduction of an alkyne in place of large reporter tags proved beneficial for many probe-metalloprotease interactions, a finding that underscores the versatility afforded by CC methods for probe design.
To capitalize on the complementary metalloprotease reactivity profiles of individual HxBPyne probes, we developed a gel-free strategy for their consolidated application to individual proteomic samples. Metalloprotease superfamily Figure 6 Location of targets of HxBPyne library on a phylogenic tree of the metalloprotease superfamily. With the exception of the carboxypeptidases, members from all major subfamilies of metalloproteases were targeted by the HxBPyne library. The tree was constructed from the peptidase domains of the complete human members of the metalloprotease clan, as designated by the MEROPS database 43 (205 total predicted members, 150 putative active members that possess conserved catalytic residues). A pairwise alignment was generated using ClustalW 44 and the phylogenic tree constructed using the neighbor-joining method 45 . Major branches of the tree were designated by different colors, labeled by name, where appropriate, and displayed in hyperbolic space using the Hypertree program 46 .
Key to this approach was the analysis of probe-metalloprotease reactions using a recently introduced ABPP-MudPIT platform 13 , which provides superior sensitivity and resolution compared to gelbased methods. ABPP-MudPIT analysis of cell and tissue proteomes treated with an optimal set of HxBPyne probes resulted in the identification of more than 20 metalloproteases specifically labeled by these reagents, including several enzyme activities that were elevated in invasive cancer cells. Some of these metalloprotease activities-in particular AlaAP and neprilysin, which were selectively present in invasive, but not noninvasive, melanoma cells-warrant further investigation as potential contributors to cancer pathogenesis. Indeed, AlaAP has recently been identified by gene expression profiling as a potential marker for transdifferentiation of melanocytes into metastatic melanoma 39 . The inclusion of control experiments containing excess HxBPane competitor probes proved critical for discriminating specifically (that is, active-site) labeled metalloproteases from unlabeled background proteins that bled through the avidin enrichment procedure. For example, although all of the metalloproteases listed in Table 1 showed significantly reduced signals (that is, spectral counts; P o 0.05) in reactions with excess alkane competitor, certain other metalloproteases, such as MMP14, were found at similar levels in both sets of samples ( Supplementary Fig. 6 online) . Because equivalent signals for MMP14 were also observed in mock proteome reactions lacking HxBPyne probes, we conclude that this MMP corresponds to an unlabeled (probably inactive) background protein present in cancer cell proteomes. A survey of the metalloproteases targeted by the HxBPyne library reveals members of nearly all of the major branches of this enzyme superfamily (Fig. 6) . This provocative finding suggests that HxBPyne probes have sufficient versatility to serve as class-wide ABPP probes for metalloproteases. Nonetheless, there remain some segments of the metalloprotease superfamily that were under-represented in the current investigation. What reasons might there be for these apparent holes in metalloprotease coverage? First, some metalloproteases may have evaded detection because they are localized to specific cellular and/or subcellular compartments that were not profiled in this study. For example, the ADAMTS family of metalloproteases is predominantly comprised of secreted enzymes that may not be present at appreciable levels in cell or tissue proteomes. In this regard, we have found that recombinant ADAMTS-4 is specifically labeled by HxBPyne probes ( Supplementary Fig. 3 ), indicating that members of the ADAMTS subfamily of metalloproteases are amenable to ABPP analysis.
Other metalloproteases may exist in active form at levels that are below the current detection limit of gel-or MudPIT-based ABPP. Indeed, the net quantity of active metalloproteases required to perform certain cellular tasks may be quite low and may occur in a background of high concentrations of the inactive (for example, zymogen or inhibitor-bound) forms of these enzymes. For example, MMPs are often found entirely in zymogen and/or TIMP-bound form in cancer cell proteomes 40 . Further improvements in sensitivity should be attainable by performing ABPP-MudPIT in targeted mode, where the mass spectrometer is focused on measuring the signals of specific metalloprotease-derived tryptic peptides. Additionally, the incorporation into the azido reporter group of a linker that is cleavable chemically 20 or through enzyme catalysis 41 should facilitate the selective release of active (probe-labeled) metalloproteases from avidin beads, leaving behind any residual inactive (unlabeled) forms of these enzymes that are present as contaminating background proteins.
Finally, there are likely members of the metalloprotease family that are not effectively targeted by any of the ABPP probes in our current library. In this regard, the absence of carboxypeptidases from the list of identified targets of HxBPyne probes is notable. This subclass of metalloproteases may require HxBP probes that more accurately mimic their preferred C-terminal peptide substrates (for example, primary or secondary hydroxamates bearing C-terminal carboxylates 42 ). Other metalloproteases may bind ABPP probes, but show poor photo-cross-linking efficiency, a parameter that can vary from enzyme to enzyme depending on the protein microenvironment surrounding the probe's photoreactive group. We anticipate that the generation of larger libraries of candidate HxBPyne probes, in combination with expanded (multiplexed) screening of proteomes, should continue to refine the optimal probe set required to profile the majority of the metalloprotease superfamily.
The general process described herein for transforming tight-binding reversible inhibitors into ABPP probes by introducing photoreactive groups and latent affinity handles (for example, alkyne) should prove broadly applicable to many enzyme classes. Notably, our initial results suggest that the converse path of experimental discovery may also prove feasible, namely, proceeding from ABPP probes to high-affinity reversible inhibitors, as was achieved for ADAM17. In this way, ABPP may facilitate the simultaneous discovery of enzyme activities associated with human disease and chemical tools for testing their function in pathological processes.
METHODS
Chemical synthesis. Details concerning the synthesis and characterization of ABPP probes are available in the Supplementary Methods online.
Labeling of cell and tissue proteomes. Human cell lines including MDA-MB-231, MCF7, MUM-2B and MUM-2C were grown and processed as described previously 9, 32 . Mouse tissue proteomes were prepared as described previously 32 . Membrane fractions from both cells and tissues were homogenized in PBS and stored at -80 1C until use. Proteome samples were adjusted to a final concentration of 1 mg protein per ml by dilution in PBS before probe labeling. Experiments for visualization by 1D SDS-PAGE were carried out in 43 ml total volume and those for multidimensional protein identification technology (MudPIT) in 946 ml total volume, such that once CC reagents were added, the total reaction volumes were 50 ml and 1 ml, respectively. HxBPyne probes were added at concentrations ranging from 1 nM to 1 mM, as described in the text. HxBPane control probes were added at 100-fold excess concentration over HxBPyne probes. For labeling studies with recombinant enzymes, varying amounts of metalloproteases (MMPs and ADAMs were purchased from Calbiochem and Biomol) were added to a background mouse tissue proteome (liver or kidney, 1 mg total protein per ml). All samples were loaded in an ice-cooled 96-well plate in 50-ml fractions and irradiated at 365 nm using an Spectroline ENF 260C UV lamp for 1 h on ice following previously described procedures 8 .
CC reactions. After UV cross-linking, reporter-tagged azide reagents (12.5 mM Rh-azide for 1DE analysis or 20 mM biotin-azide for MudPIT analysis 31, 32 ) were added, followed by 1 mM TCEP and 100 mM ligand 31 . Samples were gently vortexed and the cycloaddition initiated by the addition of 1 mM CuSO 4 . The reactions were incubated at room temperature (25 1C) for 1-1.5 h. For gelbased ABPP, an equal volume of 2Â standard SDS loading buffer was added and the samples separated by 1D SDS-PAGE and visualized by in-gel fluorescent scanning using a Hitachi FMBio Ile flatbed scanner (MiriaBio). For ABPP-MudPIT, reactions were quenched by addition of 200 ml PBS and the protein precipitated in a microcentrifuge. The supernatant was removed and the pellet washed twice in 200 ml methanol. The pellet was subsequently dissolved in 1 ml of PBS with 0.2% SDS by sonication. Avidin-coupled agarose beads (50 ml suspension, Sigma) were added and incubated for 1 h at room temperature to bind and enrich biotin-labeled metalloproteases. The beads were then washed twice with 10 mLlPBS with 0.2% SDS, twice with 10 ml 6 M urea, and three times with 10 ml PBS. Beads were next resuspended in 200 ml of 6 M urea and proteins sequentially reduced with TCEP (5 mM, 20 min) and alkylated with iodoacetamide (200 mM, 20 min) in the dark. Beads were then washed and digested with 1 mg trypsin (Promega) in 150 ml 2 M urea overnight. Centrifugation provided the trypsin-digested peptide supernatant, which was acidified by addition of formic acid to a final concentration of 5% formic acid and loaded onto a C18 column for subsequent analysis by 2D-LC in combination with tandem MS using a coupled Agilent 1100 LC-ThermoFinnegan LTQ MS system, as described previously 13 . Analysis of SEQUEST search results from ABPP-MudPIT runs was carried out as previously described 13 and as detailed in Supplementary Methods. A complete list of the metalloprotease targets identified by ABPP-MudPIT, with their spectral counts, is shown in Supplementary Table 1 . Certain probe-labeled enzymes were also identified using a trifunctional reporter tag (bearing azide, biotin and Rh groups), avidinenrichment, separation on and excision from SDS-PAGE gels, and LC-MS analysis, as previously described 7, 32 .
Recombinant expression of metalloproteases. cDNA clones for selected metalloproteases were purchased from commercial sources (Open Biosystems, Invitrogen) and the coding sequence amplified by PCR and cloned into the multiple cloning site of the pcDNA3 eukaryotic expression vector. COS7 cells were transiently transfected with metalloprotease cDNA-pcDNA3 constructs using the FuGENE transfection system (Roche) according to the manufacturer's protocol. Cells were harvested and processed as described previously 18 and treated with probes as described above.
Analysis of the inhibition of ADAM17. The fluorogenic substrate DABCYL-LAQAVRSSSR-EDANS and recombinant ADAM17 protein were purchased from Calbiochem and used for IC 50 determination with the AspR1 probe following protocols described previously for MMPs 8 .
